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Abstract  
Severa l  aeromechanical progrm.s have been con- 
Zucted i n  t h e  NLSA/USAF J o i n t  Engine System Re- 
search Programs. The scope of t h e s e  programs, t h e  
d a t a  a c q u i s i t i o n  and reduct ion,  
and t h e  t e s t  r e s u l t s  a r e  discussed.  Data p e r t i n e n t  
co f o u r  d i f f e r e n t  i n s t a b i l i t i e s  were acquired;  two 
types of s t a l l  f l u t t e r ,  choke f l u t t e r  and a system 
node i n s t a b i l i t y .  The d a t a  i n d i c a t e s  t h a t  each in- 
s t z b i l i t y  has i t s  own unique c h a r a c t e r i s t i c s .  
These c h z r a c t e r i s t i c s  a r e  descr ibed.  
Nonenclature 
negz t ive  damping c o e f f i c i e n t  
p o s i t i v e  d a i l ~ ~ i n g  c o e f f i c i e n t  
she= modulus of e l a s t i c i t y  
mass mooext of i n e r t i a  
p o l a r  a r e a  moment of i n e r t i a  
cons tan t  i n  Van d e r  P o l ' s  equat ion 
daizping c o e f f i c i e n t  
dimensionless angular  displacement 
angular  d i s ~ l a c e m e n t  
frequency of uns tab le  motion 
n a t u r a l  frequency of b lade  o r  vane 
In t roduc t ion  
P r o b l s s  due t o  a e r o e l a s t i c  i n s t a b i l i t i e s  
hzve occurred i n  r e c e n t  development engines t h a t  
have r e s u l t e d  i n  c o s t l y  and time-consuming program 
de lays .  These have provided an  impetus throughout 
i r d ~ s t r y  and governnext t o  develop a b e t t e r  under- 
s tanding of t h e  n a t u r e  of a e r o e l a s t  i c  i n s t a b i l i t i e s  
a22 t o  evolve design t o o l s  t o  avoid such problems. 
The NASA and t h e  USAF have s e v e r a l  j o i n t  programs 
in t h i s  e f f o r t .  One of t h e s e  i s  t h e  J o i n t  Engine 
S y s t f l  Research Programs, t h e  o b j e c t i v e  of which 
i s  t o  i n v e s t i g a t e  technology a r e a s  of mutual i n t e r -  
e s t ,  one of which i s  a e r o e l a s t i c  i n s t a b i l i t i e s .  
In t h e  J o i n t  Engine System Research Programs 
2 thoroughly instrumented engine i s  i n s t a l l e d  i n  . 
an  z l t i t u d e  f a c i l i t y  and t e s t e d  a t  simulated 
f l i g h t  condi t ions .  For t h e  aeromechanical programs 
t h e  f l i g h t  cond i t ions  s e l e c t e d  were those  at which 
a e r o e l a s t i c  i n s t a b i l i t i e s  were known t o  e x i s t  
based on engine development h i s t o r i e s .  I n s t a b i l -  
i t i e s  were induced at t h e s e  t e s t  cond i t ions  and a 
cozi?reheasive s e t  of a e r o d y n a i c  and aeromechanical 
d a t a  were obta ined p r i o r  t o  en te r ing  and dur ing 
t h e  i n s t a b i l i t y  regions .  This d a t a  is  now a p a r t  
of a d a t ~  bank z v a i l a b l e  t o  he lp  understand aero- 
e l a s t i c  phenonena and f o r  u s e  i n  developing and 
v e r i f y i n g  design t o o l s .  This  d a t a  has  been v a l i -  
dated and does def ine  t h e  behavior of a e r o e l a s t i c  
L n s t e b i l i t i e s  i n  an engine a t  f l i g h t  cond i t ions .  
To d a t e  t ~ o  sets of aeromechanical tests have 
been c o q l e t e d .  Data r e l a t i v e  t o  s t a l l  f l u t t e r ,  
choke f l u t t e r  and a systeia mode i n s t a b i l i t y  has  
been c o l l e c t e d .  This was accomplished using two 
d i f f e r e n t  engines ,  an a f t e rburn ing  turbofan engine 
and an a f t e rburn ing  tu rbo- j e t  engine. Both en- 
g ines  a r e  high t h r u s t  t o  weight r a t i o ,  h igh per- 
formance engines r e p r e s e n t a t i v e  of c u r r e n t  tech- 
nology. 
This paper w i l l  o u t l i n e  t h e  scope of t h e s e  
two t e s t  programs, t h e  t e s t  procedures and in- 
s t rumentat ion used, t h e  d a t a  a c q u i s i t i o n  and re-  
duc t ion  methods used, and t h e  t e s t  r e s u l t s .  
Types of Aeroe las t i c  I n s t a b i l i t i e s  
An a e r o e l a s t i c  i n s t a b i l i t y  is  a se l f - exc i t ed  
v i b r a t i o n  of an  a i r f o i l ,  s i n g l e  o r  cascaded, 
whereby t h e  u n s t a b l e  motion is  generated and sus- 
t a i n e d  due t o  t h e  unique motion of t h e  a i r f o i l  i n  
t h e  a i r s t r e a .  Thus t h e  o s c i l l a t i n g  a i r f o i l  is  
e x t r a c t i n g  energy from t h e  a i r s t r e v  and is aero- 
dynamically nega t ive ly  damped. 
Aeroe las t i c  i n s t a b i l i t i e s  i n  turbomachinery 
a r e  genera l ly  now c l a s s i f i e d  a s  being one of f i v e  
d i s t i n c t  types1 r e l a t i v e  t o  t h e  l o c a t i o n  of t h e  
i n s t a b i l i t y  on 2 compressor map such a s  shown i n  
Fig .  1. These a r e  a s  follow: 
I. Subsonic/ t ransonic  s t a l l  f l u t t e r .  
11. Choke f l u t t e r .  
111. Low back p ressu re  supersonic  f l u t t e r .  
IV. High back p ressu re  supersonic  f l u t t e r .  
V .  Supersonic s t a l l  f l u t t e r .  
A l l  of t h e s e  i n s t a b i l i t i e s  a r e  being i n v e s t i -  
gated i n  c u r r e n t  NASA/USAF programs. However, i n  
t h e  J o i n t  Engine System Research P r o g r a s  t o  d a t e ,  
no supersonic  i n s t a b i l i t i e s  have been encountered, 
thus  t h e  d i scuss ions  t o  fo l low w i l l  b e  l i m i t e d  t o  
subson ic / t r anson ic  s t a l l  f l u t t e r  and choke f l u t t e r  
wi th  one except ion.  This except ion i s  a system 
mode i n s t a b i l i t y  r e l a t i v e  t o  which only  a l i m i t e d  
amount of d a t a  has  been acquired thus  making it 
inappropr ia t e  a t  t h i s  t ime t o  atteiapt t o  c l a s s i f y  
it unequivocally i n t o  one of t h e s e  types .  
Subsonic/ t ransonic  s t a l l  f l u t t e r  was h i s t o r -  
i c a l l y  t h e  most commonly found a e r o e l a s t i c  in- 
s t a b i l i t y  i n  turbomachinery p r i o r  t o  t h e  develop- 
ment of h igh  t i p  speed f a n s  opera t ing  supersoni- 
c a l l y  a t  t h e  t i p .  It occurs  n e a r  t h e  s t a l l  l i n e  
a t  l a r g e  ang les  of incidence and is  accompanied 
by f low separa t ion  f o r  p a r t  of o r  a l l  of t h e  os- 
c i l l a t o r y  cyc le .  The f l u t t e r  frequency is  nea r  
b u t  n o t  n e c e s s a r i l y  equal  t o  one of t h e  a i r f o i l  
n a t u r a l  f r equenc ies  i n  one of t h e  f i r s t  t h r e e  
fundamental modes, v i z ;  f i r s t  bending, f i r s t  t o r -  
s i o n  o r  second bending. 
Choke f l u t t e r  occurs  nea r  t h e  choke line a t  
smal l  p o s i t i v e  o r  n e g a t i v e  incidence v l g l e s  and i s  
accompanied by choking i n  t h e  cascaded b lade  pas- 
sage.  The f l u t t e r  frequency i s  aga in  nea r  b u t  n o t  
n e c e s s a r i l y  equa l  t o  a b lade  n a t u r a l  frequerncy, 
u s u a l l y  f i r s t  bending. I n  e a r l i e r  engines choke 
f l u t t e r  u s u a l l y  a f f e c t e d  t u r b i n e  s t a g e s  r a t h e r  
than com?ressor s t ages  and is  s t i l l  a problem on 
high aspec t ,  low pressu re  steam tu rb ines .  
A s y s t m  mode i n s t a b i l i t y 2  w i l l  n o n a l l y  
a f f l i c t  a shrouded b lade  r o t o r  assembly. Ins t a -  
b i l i t i e s  of t h i s  type  are dependent on shroud 
couplip-g an& occas iona l ly  d i s k  coupling. They are 
charac te r i zed  by f l u t t e r  f requencies  no t  necessar- 
i l y  a s soc ia ted  wi th  a fundamental b l ade  frequency 
znd t h e  b lade  v ib ra to ry  mode shape is  more o f t e n  
th21 n o t  a coupled mode, such a s  a coupling of 
-. 
r x r s t  bending and f i r s t  t o r s i o n .  This type  of i n - .  
s t a b i l i t y  has  not  been thoroughly documented. 
The two s e r i e s  of t e s t s  completed t o  d a t e  
were conducted us ing two d i f f e r e n t  types  of en- 
gines .  The f i r s t  s e r i e s  of t e s t s  were done using 
a twin spool ,  h igh perfomance,  a f  terburning turbo- 
f a n  engine which had a h i s t o r y  of a n  a e r o e l a s t i c  
i n s t a b i l i t y  wi th  a preproduct ion f i r s t  s t a g e  f an .  
T'ne ins"hal la t ion of t h i s  engine i n  t h e  t e s t  f a c i l -  
i t y  is  shown in Fig.  2. This engine has a t h r e e  
s t a g e  f a n  a s  shown i n  Fig. 3 .  The f a n  blades  have 
p a r t  span shrouds and a r e  made of t i tanium.  The 
bypass a i r f l o w  r a t i o  is  nominally 0.7 t o  1 at 
s e a  l e v e l  s t a t i c  s tandard day cond i t ions .  The 
d i a e t e r  a t  t h e  f a x  i n l e t  i s  nominally 88.3L. cm 
(36.78 i n . ) .  This engine was s u s c e p t i b l e  t o  
subsonic/ t ransonic  s t a l l  f l u t t e r  in above shroud 
t o r s i o n  a t  e levated i n l e t  temperatures and pres- 
s u r e s  i. e. st high Mach number f l i g h t  condi t ions .  
' Ihis p a r t i c u l a r  engine was t e s t e d  i n  t h e  PSL-I al- 
t i t u d e  chmber  of t h e  Lewis Propuls ion System Lab- 
o ra to ry .  
The second engine t e s t e d  was a s i n g l e  spoo l  
a f t e rburn ing  t u r b o j e t .  The i n s t a l l a t i o n  of t h i s  
engine in t h e  t e s t  f a c i l i t y  i s  shown i n  Fig .  4. 
This  ezgine has  a 9 s t a g e  t i t an ium bladed com- 
p resso r  as shown i n  Fig .  5.  The f i r s t  two s t a g e s  
have p a r t  span shrouds. The i n l e t  guide vanes and 
t h e  f i r s t  t h r e e  s t a t o r s  a r e  v a r i a b l e .  The i n l e t  
d i a e t e r  of t h i s  engine is  43.61 cm (17.17 i n . ) .  
This  engine was t e s t e d  i n  t h e  PSL-2 a l t i t u d e  cham- 
b e r  of t h e  Lewis Propuls ion Systems Laboratory. 
This engine had development problems wi th  s e v e r a l  
t y p ~ s  of i n s t a b i l i t i e s .  The t h i r d  s t a g e  and t h e  
f i f t h  s t a g e  r o t o r s  were s u s c e p t i b l e  t o  choke f l u t -  
t e r .  The f i f t h  s t a g e  r o t o r  i n s t a b i l i t i e s  occurred 
a t  co ld  i n l e t  t m p e r a t u r e s ,  l e s s  t h a n  -20' C 
(-Lo F). T'ne t h i r d  r o t o r  i n s t a b i l i t i e s  occurred 
over  a r m g e  of i n l e t  temperatures bounded by 
15.5O C (60° F) aild 49' C (120' F) a t  e l eva ted  in- 
let  pressures .  The second r o t o r  had exh ib i t ed  a 
s y s t a  mode i n s t a b i l i t y  a t  e l eva ted  i n l e t  pres- 
s u r e s  and t m p e r a t u r e s .  The f o u r t h  s t a g e  s t a t o r  
had a s t a l l  f l u t t e r  i n s t a b i l i t y  a t  h igh inlet 
p ressu res  and co ld  i n l e t  temperatures.  
Data i n  t h e  zeromechanical p rogram were ac- 
quired us ing  a wide v a r i e t y  of i n s t r u n e n t a t i o n  and 
d a t a  r educ t ion  techniques.  Jones ,  et a l .  , 3  com- 
prehensively  d i scusses  t h e  type  of ins t rumentat ion 
and t h e  l o c e t i o n  of t h i s  ins t rumentat ion i n  t h e  
engine a s  used i n  t h e  turbofan p r o g r m .  The 
t u r b o j e t  p rograz  had e s s e n t i a l l y  t h e  s m e  types  of 
i n s t m e n t a t i o n  and used t h e  same d a t a  a c q u i s i t i o n  
and reduc t ion  techniques .  As background i n f o m a -  
t i o n  t h e  aerodynamic and aeromechanical i n s t r u m k -  
t a t i o n  w i l l  b e  s u m a r i z e d  he re in .  
Aerodynamic Ins t rumentat ion 
The p r i n c i p a l  measurements taken a r e  t o t a l  
temperatures ,  t o t a l  p ressu res  and s t a t i c  p ressu res .  
These a r e  obta ined a t  a l l  p r i n c i p a l  engine s t a -  
t i o n s  us ing a number of r a d i a l  rakes .  Wall s t a t i c  
p ressu res  a r e  a l s o  obta ined a t  t h e s e  s t a t i o n s .  
I n t e r s t a g e  d a t a  was a l s o  obta ined us ing  5 e l m m - t  
r a d i a l  temperature and t o t a l  p r e s s u r e  r akes  a long 
wi th  two w a l l  s t a t i c  p r e s s u r e  measurements at each 
l o c a t i o n .  I n  t h e  turbofan program t h i s  i n s t r u -  
mentation was mounted i n t o  t h e  l ead ing  edge of a 
s t a t o r  vane in each of t h e  t h r e e  f a n  s t a t o r  s t ages  
t o  avoid blockage. En t h e  t u r b o j e t  program probes 
were designed and b u i l t  t h a t  f i t t e d  in t h e  s t a t o r  
rows f o r  each of t h e  n i n e  s t ages .  A number of 
t h e s e  were s t r a i n  gaged and monitored dur ing t h e  
test program. The arrangement of t h e  ae rodynmic  
ins t rumentat ion by s t a t i o n s  f o r  t h e  tu rbofan  pro- 
gram is  shown i n  Fig .  6. The a r r a n g m e n t  in t h e  
t u r b o j e t  program was s i m i l a r .  
The d a t a  obta ined from t h i s  ins t rumentat ion 
was recorded on two systems. One system is  used 
t o  record t h e  s t eady-s t a t e  d a t a  p o i n t s  2nd t h e  
o t h e r  system is  used t o  record t r a n s i e n t  da ta .  I n  
t h e  t r a n s i e n t  system d a t a  is  obtained dur ing a 
t r a n s i e n t  wi th  a sample r a t e  of up t o  150 a second. 
This recorded d a t a  i s  then processed and reduced 
o f f - l i n e  us ing a l a r g e  s c i e n t i f i c  computer. B 
s i g n i f i c a n t  accomplishment of t h e  aeromechanical 
programs was t h e  a c q u i s i t i o n  of comprehensive 
aerodynamic d a t a  whi l e  a n  i n s t a b i l i t y  was occurr- 
ing i n  t h e  engine. Normally t h e  i n s t a b i l i t y  was 
sus ta ined  a t  a predetermined s a f e  s t r e s s  l e v e l  f o r  
from 1 t o  2 minutes whi l e  d a t a  was being acquired 
on a l l  d a t a  systems. 
Aeromechanical Ins t rumentat ion 
I n  t h e  aeromechanical programs d a t a  was ac- 
quired us ing t h r e e  types  of ins t rumentat ion.  The 
primary source  of d a t a  was s t r a i n  gages mounted 
on t h e  f a n  and compressor blades  and vanes.  The 
d a t a  from t h e s e  were used f o r  on-line monitoring 
a s  w e l l  a s  f o r  post-run a n a l y s i s .  I n  add i f ion  a 
p h o t o e l e c t r i c  scanning (PES) system was de- 
veloped4 which used l i g h t  probes.  This  s y s t c  
made it p o s s i b l e  t o  observe o n l i n e  t h e  non in teg ra l  
response of a l l  t h e  b lades  on 2 given r o t o r .  The 
data k o m  this s y a t e ~  was also recorded zs zither 
video t a p e  o r  d i g i t i z e d  f o r  p o s t  run a n a l y s i s .  A 
t h i r d  method, developed by ~ u r k o v '  u t i l i z e d  d a t a  
recorded from h igh  response p r e s s u r e  t r ansducer s  
which when analyzed i n  t h e  frequency domain proved 
t o  b e  u s e f u l  i n  de f in ing  t h e  aeromechanical modes 
of a r o t o r  assembly i n  f l u t t e r .  
S t r a i n  gages were mounted on s e l e c t e d  b lades  
and vanes by t h e  engine manufacturers a f t e r  bench 
t e s t i n g  t h e  blades  and vanes t o  determine t h e  
exac t  n a t u r a l  f r equenc ies  and mode shapes.  I n  t h e  
turbofan program a l l  of t h e  f a n  b lades  were bench 
t e s t e d  i n d i v i d u a l l y  and as a n  assembly t o  de te r -  
mine t h e  s y s t a  modes. I n  t h e  t u r b o j e t  program 
only r s e l e c t  number of b lades  were bench t e s t e d  
due t o  t h e  l a r g e  number o f  b lades  and vanes in- 
volve? i n  t h e  program. I n  t h e  turbofan program t h e  
t h r e e  f a n  r o t o r  2nd s t a t o r  s t ages  were s t r a i n  gaged 
wi th  t h e  bu lk  of t h e  s t r a i n  gages being on t h e  
f i r s t  s t a g e  r o t o r  s i n c e  only  it was s u s c e p t i b l e  t o  
an a e r o e l a s t i c  i n s t a b i l i t y .  Three f a n  b u i l d s  were 
made and t e s t e d  2nd i n  each bu i ld  t h e r e  was a 
s l i g h t  v a r i a t i o n  iE t h e  s t r a i n  gage d i s t r i b u t i o n .  
Only one bu i ld  was made and t e s t e d  i n  t h e  t u r b o j e t  
progrur .  I n  t h i s  bu i ld  a l l  n i n e  s t ages  had s t r a i n  
gaged r o t o r  b lades  2s  d id  t h e  l a s t  s i x  s t a t o r  
s t ages .  A 100 channel s l i p r i n g  was used i n  both  
p rogram t o  t r ansmi t  t h e  r o t o r  s t r a i n  gage s i g n a l s  
thus  50 r o t o r  s t r a i n  gage s i g n a l s  were monitored 
a t  a t b e .  I n  a d d i t i o n  t o  t h e s e  between 30 and 40 
s t a t o r  gages were monitored and recorded. 
S t r a i n  gage s i g n a l s  a r e  monitored i n  t h e  t ime 
dorrai~- and i n  t h e  frequency domain. Each s t r a i n  
gage s i g n a l  i s  d isplayed on a smal l  osc i l loscope  
f o r  continuous monitoring in t h e  time domain. 
Current ly  up t o  112 s i g n a l s  can b e  handled simul- 
t a ~ e o u s l y .  These s i g n a l s  can a l s o  be  quickly  
patched i n t o  l 2 r g e  O S C ~ ~ ~ ~ S C O ~ ~ S  f o r  expanded 
a c a l y s i s  in t h e  t ime domain o r  they can b e  se- 
l e c t i v e l y  patched i n t o  a number of systems f o r  
ana lys i s  i n  t h e  frequency domain. I n  t h e  aero- 
mechanical programs t h e  fol lowing systems were 
a v a i l a b l e  and were used: 
1. A sof tware  based F a s t  Four ie r  Transform 
(FFT) D i g i t a l  S igna l  Analyzer which can handle  two 
chaznels  s i m l t a n e o u s l y  . 
2. Severa l  analog s p e c t r a l  ana lyze r s .  
3. A l i icroprocessor  based mul t ichannel  v ibra-  
t i o n  and f l u t t e r  monitor6 which can handle  up t o  
16 channels sfiaultaneously. 
A 1 1  s t r a i n  gage d a t a  i s  recorded f o r  pos t  run 
ana1ysis .  For ty  FM channels a r e  a v a i l a b l e  w i t h i n  
t h e  t e s t  f a c i l i t y  f o r  t h e  more p e r t i n e n t  s t r a i n  
gages and 180 FEI mul t ip lexed channels a r e  a v a i l a b l e  
in a c e n t r a l  analog f a c i l i t y  f o r  a l l  t h e  s t r a i n  
gages,  Reduction of s t r a i n  gage d a t a  is  done in 
t h e  time domain and i n  t h e  frequency domain. Time 
d o z b  d a t a  r educ t ion  is done t o  o b t a i n  o v e r a l l  
s t r e s s  l e v e l s ,  waveform and event  h i s t o r y .  Fre- 
quency doazin  d a t a  r educ t ion  is  used ex tens ive ly  
due t o  t h e  a v a i l a b i l i t y  of s e v e r a l  FFT systems. 
I n  t h e  frequency domain t h e  d a t a  i s  processed t o  
o b t a i n  power s p e c t r a l  d e n s i t y ,  l i n e a r  s p e c t r a ,  
t r a n s f e r  func t ions  and c ross  c o r r e l a t i o n  func t ion .  
The coherence funct ion is  always computed whenever 
t ime averaging i s  used. 
Resu l t s  and Discuss ion 
Turbofan Progra-Subsonic  S t a l l  F l u t t e r  
The prograr? us ing  t h e  tu rbofan  engine was con- 
ducted in t h r e e  phases dur ing which 33 d a t a  po in t s  
in f l u t t e r  were obta ined a t  a v a r i e t y  of i n l e t  
cond i t ions  and speeds. Aerodynamic and aeromech- 
a n i c a l  f l u t t e r  d a t a  were obta ined a t  i n l e t  pres- 
s u r e s  between 103 2nd 207 kPa (15 and 30 p s i a )  and 
a t  i n l e t  temperatures from 13S0 t o  171° C (275' t o  
3 ~ 0 '  F).  The f l u t t e r  d a t a  was obta ined a t  cor- 
r e c t e d  f a n  speeds between 6h and 73 pe rcen t  of 
des ign speed. The f i r s t  phase of t h e  program was 
conducted t o  develop monitoring techniques ,  in-  
s t r u r e n t a t i o n  and o p e r a t i o n a l  procedures 2nd t o  
l o c a t e  t h e  f l ~ t t e r  egions  wi th in  t h e  engine 
f l i g h t  envelope. The i n s t a b i l i t y  r eg ion  was 
approached by s e t t i n g  i n l e t  cond i t ions  and speed. 
Then t h e  nozz le  was t h r o t t l e d  whi l e  holding con- 
s t a n t  co r rec ted  speed t o  i n c r e a s e  f a n  back pres-  
su re .  Only s t a l l  f l u t t e r  i n  above shroud t o r s i o n  
of t h e  f i r s t  s t a g e  f a n  r o t o r  was found and docu- 
mented at s e v e r a l  cond i t ions .  The f a n  assembly 
was then  removed, disassembled, ins t rumentat ion 
re fu rb i shed  and t h e  f a n  assembly r e b u i l t  f o r  
Phase I1 t e s t i n g .  It was dur ing t h e  Phase I1 test 
program t h a t  t h e  ma jo r i ty  of t h e  d a t a  was obta ined.  
For t h e  Phase 111 bui ld  t h e  instrumented f a n  b lades  
were removed and replaced wi th  d i f f e r e n t  i n s t r u -  
mented blades .  Using t h i s  b u i l d  s e v e r a l  of t h e  
previous  t e s t  po in t s  were repeated and a d d i t i o n a l  
f l u t t e r  d a t a  was obta ined which proved t o  b e  of 
s i g n i f i c a n c e  . 
The response of t h e  r o t o r  b lades  i n  f l u t t e r  
was va r i ed .  At i n c i p i e n t  f l u t t e r  a low l e v e l  ir- 
r e g u l a r  bea t ing  was observed on t h e  s t r a i n  gage 
s i g n a l s  probably due t o  f low separa t ion .  Upon 
developing f u l l  f l u t t e r  t h e  s t r a i n  gage s i g n a l s  
usua l ly  became pe r iod ic .  Several  f l u t t e r  f r e -  
quencies were observed of which one was predominant 
on most of t h e  strain gages.  A b lade  t o  b lade  
v a r i a t i o n  i n  maximum amplitude was observed on t h e  
s t r a i n  gages and on t h e  l i g h t  probes.  Usual ly  a 
smal l  group of blades  would respond i n i t i a l l y  upon 
pene t ra t ing  t h e  f l u t t e r  boundary and then  a s  t h e  
excurs ion i n t o  t h e  f l u t t e r  r eg ion  progressed more 
of t h e  blades  would become a c t i v e .  
No unique and common i n t e r b l a d e  phase a n g l e  
was observed from t h e  s t r a i n  gage d a t a .  Light  
probe observat ions  ind ica ted  t h a t  a few smal l  
groups of b lades  may.have been coupling wi th  a 
common i n t e r b l a d e  phase a n g l e  bu t  complete coupling 
of a l l  t h e  blades  on t h e  r o t o r  assembly d i d  n o t  
occur.  The excurs ion i n t o  t h e  f l u t t e r  r eg ion  was 
normally stopped when any s i n g l e  s t r a i n  gage in- 
d i c a t e d  an  o v e r a l l  s t r e s s  l e v e l  of 75 percent  of 
a l lowable ,  a s  s p e c i f i e d  by t h e  engine manufacturer.  
A few excurs ions  were made beyond t h i s  t o  s e e  i f  
complete coupling could b e  induced b u t  were un- 
success fu l .  Thus t h e  f l u t t e r  o r  aeromechanical 
mode appears  t o  b e  mistumed as def ined by White- 
head. 
The f l u t t e r  frequency observed u s u a l l y  d i d  n o t  
vary whi l e  t h e  r o t o r  b lades  were in f l u t t e r  a s  
shown in t h e  expanded spectrum p l o t  of Fig .  7. 
This d a t a  is  from a s t r a i n  gage loca ted  s l i g h t l y  
above t h e  shroud a t  t h e  t r a i l i n g  edge. This b l a d e  
i s  responding a t  1072 Hz, which was t h e  primary 
f l u t t e r  frequency, w i t h  a maximum amplitude of 
k50.3 MPa (k7.3 k s i )  a t  t h a t  frequency. The re- 
sponse a t  1040 Hz i s  a secondary f l u t t e r  f r e -  
quency from a b l a d e  f l u t t e r i n g  a t  t h a t  frequency 
loca ted  t h r e e  blades  away on t h e  r o t o r .  This w i l l  
be  discussed i n  d e t a i l  l a t e r .  The response a t  
1120 Hz i s  t h e  e i g h t h  engine o rde r  response. Dur- 
ing  t h e  t ime t h a t  t h e  r o t o r  was in f l u t t e r  t h e s e  
f r equenc ies  d i d  no t  change and t h e  i n t e r b l a d e  
phase ang le  between any p a i r  of ad jacen t  b lades  
remained h igh ly  coherent .  
An except ion t o  t h i s  behavior  was observed zt 
e i t h e r  t h e  lower i n l e t  p ressu res  o r  i n l e t  tenper-  
a t u r e s  whenever f l u t t e r  occurred.  At t h e s e  inlet 
cond i t ions  t h e  f l u t t e r  f r equenc ies  v a r i e d  i r r e g -  
u l a r l y  as d id  t h e  amplitudes.  This is  shown i n  
t h e  expanded spectrum p l o t s  of Figs .  8 and 9 .  
This  d a t a  is  from t h e  same s t r a i n  gage as d i s -  
cussed previously  b u t  f o r  a lower i n l e t  temper- 
a t u r e ,  135' C (275' F ) .  These d a t a  a r e  s i n g l e  
average FFT l i n e a r  s p e c t r a  taken I minute and 20 
seconds a p a r t  during t h e  sme s t eady-s t a t e  d a t a  
po in t .  i n  between t h i s  t ime t h e r e  were no s i g n i f i -  
can t  changes i n  engine parameters.  These d a t a  
show a number of f l u t t e r  f requencies  occurr ing one 
of which i s  comon t o  both  time frames a t  1064 Hz. 
A frequency content  such a s  those  shown w i l l  y i e l d  
an  e r r a t i c  bea t  response i n  t h e  t ime domain com- 
c only assoc ia ted  wi th  flow separa t ion  v i b r a t i o n s .  
A deeper evcursion i n t o  t h e  f l u t t e r  zone was made 
once t o  a t t a p t  t o  develop a unique f l u t t e r  f r e -  
quency blrt t h i s  only r e s u l t e d  i n  r o t a t i n g  s t a l l  
which ann ih i l a t ed  t h e  a e r o e l a s t i c  i n s t a b i l i t y  . 
m - 
~ n e  averaging t h i s  type of d a t a  in t h e  frequency 
domain u s u a l l y  shows between 3 and 4 predominant 
f l u t t e r  f requencies  wi th  good coherence of most of 
t h e  i n t e r b l a d e  phase angles .  A s i m i l a r  response 
was observed i n  d a t a  taken a t  an i n l e t  p r e s s u r e  of 
103 W 2  (15 p s i a )  and an  i n l e t  temprature  of 
171° C (340' F ) .  Time averaging of t h e s e  d a t a  
yie lded a poor coherence func t ion  r e l a t i v e  t o  t h e  
ir:terblade phase angles ,  l e s s  than O.L,  and only  
one predominant frequency. Thus it would appear 
t h a t  t h e r e  e x i s t s  2 domain which is  a func t ion  of 
s t a g e  i n l e t  condi t ions  where t h e  f l u t t e r  response 
is i r r e g u l a r  and ape r iod ic  t h a t  sepa ra tes  t h e  
w e l l  def ined f l u t t e r  domain 2nd t h e  f l u t t e r  c l e a r  
domaiq. 
i n l e t  p ressu re  and temperature besides  a f f e c t -  
ing t h e  r o t o r  b l a d e ' s  response a l s o  had a s i g n i f i -  
c a n t  i r f l u e n c e  on t h e  f l u t t e r  boundary l o c a t i o n  on 
t h e  f a n  pe r fomance  map. Over t h e  range of i n l e t  
p ressu res  2nd temperatures inves t iga ted  i n  t h e  test 
program it was found t h a t  inc reas ing  i n l e t  temper- 
a t u r e  2nd inc reas ing  i n l e t  p r e s s u r e  were both  de- 
s t a b i l i z i n g .  That i s ,  i nc reas ing  e i t h e r  of t h e s e  
p a r v e t e r s  tended t o  move t h e  i n s t a b i l i t y  boundary 
n e a r e r  t h e  opera t ing  l i n e .  This  i s  shown i n  Fig .  
10 which i s  a segment of a f a n  performance map. 
Five d a t a  p o i n t s  obtained a t  approximately t h e  
saxe co r rec ted  speed from a s i n g l e  s t r a i n  gage a t  
n o r i n a l l y  t h e  same s t r e s s  l e v e l  a r e  p l o t t e d  show- 
ing t h e  e f f e c t  of i n l e t  p ressu re  and temperature 
on t h e  f l u t t e r  boundary. 
Asother a s p e c t  of varying t h e  i n l e t  p r e s s u r e  
and temperature  was t h e  e f f e c t  on t h e  f l u t t e r  f r e -  
quency. inc reas ing  t h e  i n l e t  p r e s s u r e  had t h e  
most s i g n i f i c a n t  e f f e c t .  This is  shown i n  Fig .  11 
which i s  2 p l o t  of t h e  f l u t t e r  frequency obtained 
from a s i n g l e  s t r a i n  gage mounted on t h e  b l a d e  i n  
p o s i t i o n  I on t h e  f a n  r o t o r .  Two s e t s  of f r e -  
auencv d a t a  a r e  shown. One s e t  encompasses t h e  
A .  
f recuency range between 1060 Hz and 1900 Hz which 
wes t h e  primary o r  most comon  f l u t t e r  frequency 
obserrred on e l l  t h e  instrumented blades .  The sec- 
ond set of d a t a  between 1020 Hz and 1050 Hz is  a 
secondary f l u t t e r  frequency which commonly showed 
up only on those  blades  around p o s i t i o n  I on t h e  
r o t o r .  It should b e  noted t h e t  t h e  behavior  of 
t h e  two sets of d a t a  wi th  r e s p e c t  t o  inlet temper- 
e t u r e  and p r e s s u r e  i s  s i m i l a r ,  t hus  t h e  two s e t s  
of d a t a  a r e  probably a common phenomena. It was 
found t h a t  inc reas ing  i n l e t  p r e s s u r e  tended t o  
c l e a r l y  dec rease  t h e  f l u t t e r  frequency i n  what 
appears t o  b e  a l i n e a r  funct ion.  Also inc reas ing  
t h e  i n l e t  temperature s l i g h t l y  decreased t h e  f l u t -  
t e r  frequency. This l a t t e r  e f f e c t  is probably due 
t o  t h e  temperature  e f f e c t  on t h e  shear  modulus. 
Another e f f e c t  n o t  shown b u t  which a f f e c t s  
t h i s  d a t a  was t h e  e f f e c t  of phys ica l  o r  mechanical 
speed. Inc reas ing  t h e  engine speed f o r  a given 
i n l e t  temperature  and p r e s s u r e  tended t o  s l i g h t l y  
dec rease  t h e  f l u t t e r  frequency. As an  example, 
two d a t a  po in t s  taken a t  i n l e t  cond i t ions  of 138 
kPa (20 p s i a ) ,  171' C ( 3 4 0 ~  F) and 700 rpm a p a r t  
had a d i f f e r e n c e  i n  f l u t t e r  frequency of L. Hz 
wi th  t h e  h igher  speed having t h e  lower frequency. 
This was t y p i c a l  of a l l  t h e  d a t a  taken.  
The f u n c t i o n a l  behavior of t h e  f l u t t e r  f r e -  
quency wi th  an  engine parameter may b e  highly  
s i g n i f i c a n t  . Aeroelas t i c  i n s t a b i l i t i e s  can b e  
considered t o  b e  a l i m i t  c y c l e  phenomena. Den 
~ a r t o ~ ~  developed a simple s i n g l e  degree  of f r e e -  
dom model which can b e  analogous t o  t h e  behavior  
of a b lade  i n  f l u t t e r .  Den Hartog's model formu- 
l a t e d  a s  a s i n g l e  degree  of t o r s i o n  model y i e l d s  
t h e  equat ion:  
where C1 is  t h e  nega t ive  p a r t  of t h e  damping co- 
e f f i c i e n t  and C2 t h e  p o s i t i v e  p a r t .  As can be  
seen from Eq. (1) smal l  va lues  of 0 w i l l  y i e l d  
a nega t ive  damping c o e f f i c i e n t  whi l e  l a r g e  va lues  
of 0 w i l l  y i e l d  a p o s i t i v e  damping c o e f f i c i e n t .  
For p e r i o d i c  motion t h e  s i g n  and v a l u e  of t h e  
dvnping c o e f f i c i e n t  w i l l  vary dur ing a s i n g l e  os- 
c i l l a t i o n .  Proceeding w i t h  Den Hartog 's  develop- 
ment and making t h e  v a r i a b l e s  dimensionless y i e l d s :  
where 
Eq. (2) is  a common form of Van d e r  P o l ' s  equat ion 
which d e f i n e s  t h e  behavior  of a non l inea r ,  s e l f -  
exc i t ed  r e l a x a t i o n  o s c i l l a t i o n .  The pe r iod  f o r  a 
r e l a x a t i o n  o s c i l l a t i o n  is  2 ~ / w ~  o r  
Thus as E i nc reases  wi th  wn remaining cons tan t  
t h e  frequency of t h e  r e l a x a t i o n  o s c i l l a t i o n  w i l l  ' 
decrease .  The Van d e r  P o l  c o e f f i c i e n t  E w i l l  
i nc rease ,  holding I, and wn cons tan t  only  i f  
t h e  nega t ive  p a r t  of t h e  damping c o e f f i c i e n t ,  C l ,  
i nc reases .  
Applying t h i s  development t o  t h e  f l u t t e r  f r e -  
quency d a t a  it can b e  hypothesized t h a t  t h e  change 
i n  f l u t t e r  frequency w i t h  inc reas ing  inlet pres-  
s u r e  may b e  due t o  t h e  e f f e c t  of t h e  s t a g e  i n l e t  
p r e s s u r e  on t h e  nega t ive  work done dur ing a n  
o s c i l l a t o r y  cyc le .  The smal l  change in f l u t t e r  
frequency due t o  t h e  i n l e t  temperature  i s  prob- 
a b l y  due t o  t h e  change i n  n a t u r a l  frequency (on) 
because of change i n  s t r u c t u r a l  s t i f f n e s s  a s  a 
r e s u l t  of temperature .  I n  a s i m i l a r  manner in- 
c reas ing  r o t o r  speed tends  t o  dec rease  t h e  t o r -  
s i o n a l  n a t u r a l  frequency, t h u s  reducing t h e  f l u t -  
ter frequency, which is  c o n s i s t e n t  wi th  d a t a  ob- 
s e r v a t i o n s .  
The e f f e c t  of changing t h e  instrumented 
blades  and repea t ing  s e v e r a l  d a t a  p o i n t s  y ie lded  
severa l  i n t e r e s t i n g  r e s u l t s .  The secondary f l u t t e r  
frequency (1020 t o  1050 H z )  d id not appear. The 
locz t ion  of t h e  maximum response on t h e  r o t o r  a s  
observed with l i g h t  probes s h i f t e d  by about 100°. 
That i s  t h e  aeromechanical mode of t h e  r o t o r  
changed, but s t i l l  remained mistuned. In  conj unc- 
t i o n  with t h i s  t h e  f l u t t e r  boundary on t h e  fan  per- 
f o m n c e  mzp, a s  establ ished by t h e  s t r a i n  gage 
on t h e  blade i n  pos i t ion  I, moved c l o s e r  t o  t h e  
operating l i n e .  That i s ,  i n  Phase 111 f o r  t h e  same 
conditions f l u t t e r  i n i t i a t e d  a t  a lower pressure 
r z t i o  than t h a t  observed i n  Phase II. The pres- 
sure  r a t i o  e t  which f l u t t e r  was found i n  Phase 111 
was approximately 3 percent lower than i n  Phase 11. 
The f l u t t e r  frequencies were e s s e n t i a l l y  t h e  same 
varying only by about 3 Hz. 
The disappearance of t h e  secondary f l u t t e r  
frequency m2y be 2 r e s u l t  of changing an ins t ru -  
mented blade near pos i t ion  1. It should be noted 
t h a t  none of t h e  s t r a i n  gages on t h i s  blade were 
funct ional  making it impossible t o  v e r i f y  t h e  
supposition being made. This blade had a room 
temperature bench t e s t  n a t u r a l  frequency of 1045 
Ez, t h e  lowest of a l l  t h e  blades i n  t h e  r o t o r  
assembly 2nd thus making it a l i k e l y  candidate t o  
be suscep t ib le  t o  s t a l l  f l u t t e r .  It was replaced 
by a blade with a much higher t o r s i o n a l  n a t u r a l  
frequency. The change i n  aeromechanicalmode and 
t h e  zpparent decrease i n  s t a l l  f l u t t e r  margin can- 
not be read i ly  explained. The most responsive 
blades i n  Phase 11, and t h e  most responsive blade 
i n  Phase 111, were common t o  both phases. It may 
be conjectured t h a t  i n  making t h e  r o t o r  bui ld f o r  
Phzse 111 build up tolerances may have changed 
s u f f i c i e n t l y  t o  make d i f f e r e n t  blades more sus- 
c e p t i b l e  t o  f l u t t e r  a s  f o r  example an incidence 
change. 
The concept of es tab l i sh ing  a f l u t t e r  bound- 
a r y  on 2 f a n  performance map using e i t h e r  a s i n g l e  
o r  a few s t r a i n  gages is an a r b i t r a r y  procedure. 
Mistuned f l u t t e r  modes a r e  common i n  an engine and 
one does not  know t h a t  t h e  instrumented blade be- 
ing used is  t h e  most responsive in any one f l u t t e r  
mode. Thus t h e  changes i n  f l u t t e r  boundary noted 
here in  should not be judged quant i t a t ive ly .  
Turbojet Program-Choke F l u t t e r  
The majori ty  of t h e  da ta  obtained i n  t h e  tur-  
bo je t  aeromechanical program involved t h e  choke 
f l u t t e r  phenomena. Thir ty one da ta  points  a t  a 
v a r i e t y  of i n l e t  conditions and speeds were ob- 
tz ined documenting t h i s  phenomena a s  it a f fec ted  
t h e  t h i r d  s tage  ro tor .  This i n s t a b i l i t y  occurred 
i n  t h e  f i r s t  bending mode. Comprehensive aero- 
dynamic and aeromechanical f l u t t e r  da ta  were ob- 
ta ined z t  i n l e t  pressures  between 103 and 200 kPa 
(15 29 psia)  with i n l e t  teEperatures between 
15.5' C and 49' C (60' 2nd 120' F). The ins ta -  
b i l i t y  occurred a t  corrected speeds between 95 and 
103 percent of design speed. I n  order  t o  induce 
t h e  i n s t a b i l i t y  it was necessary t o  off-schedule 
t h e  compressor v a r i a b l e  geometry s i n c e  t h e  oper- 
a t i o n a l  configurat ion of t h e  engine was f r e e  of 
t h i s  i n s t a b i l i t y .  F l u t t e r  d a t a  was obtained with 
t h e  f i r s t  s t a t o r  opened off-schedule 4.4' and a l s o  
with t h e  second s t a t o r  closed off-schedule Z0 and 
1.3'. Only one s t a t o r  was off-schedule a t  any one 
time. Opening s t a t o r  1 allows an increase  i n  
m s s  flow which tends t o  s l i g h t l y  decrease t h e  in- 
cidence on r o t o r  3 while  closing s t a t o r  2 d i r e c t l y  
decreases t h e  incidence on r o t o r  3. 
The response of t h e  r o t o r  blades t o  t h e  in- 
s t a b i l i t y  was q u i t e  d i f f e r e n t  from t h e  s t a l l  f l u t -  
t e r  response discussed previously. A l l  of t h e  
s t r a i n  gaged blades responsed a t  t h e  same f l u t t e r  
frequency but with varying blade t o  blade maximum 
amplitudes. The i n s t a b i l i t y  was approached by 
doing a slow acce le ra t ion  up along t h e  operating 
l i n e  and f l u t t e r  came i n  s o f t l y .  That i s ,  t h e  
s t r e s s  l e v e l s  b u i l t  up gradually and were con- 
t r o l l e d .  There was no warning of inc ip ien t  f l u t t e r  
a s  t h e r e  i s  with s t a l l  f l u t t e r  a s  character ized 
by t h e  e r r a t i c  beat phenomena. There was a regular  
steady beat  more of ten  than not  as' t h e  i n s t a b i l i t y  
developed which pers i s ted  a s  t h e  i n s t a b i l i t y  grew. 
This was due t o  t h e  presence-of an engine order  
response i n  c l o s e  prqximity t o  t h e  f l u t t e r  f r e -  
quency a s  seen i n  t h e  spectrum p l o t  of Fig, 12. 
This spectrum i s  t y p i c a l  of a l l  t h e  da ta  obtained. 
Comon t o  a l l  t h e  d a t a  analyzed was t h e  coexist-  
ence of a blade engine order  resonant response 
with t h e  f l u t t e r  response. The i n s t a b i l i t y  f r e -  
quency varied with speed, i n l e t  pressure and i n l e t  
temperature but a t  no time did it vary more than 
5 percent from an engine order. A t  times it was 
higher, a t  times lower, and occasional ly was co- 
incident  with an engine order .  This is  q u i t e  un- 
l i k e  s t a l l  f l u t t e r .  A s t a l l  f l u t t e r  response has 
been observed t o  occur a t  an engine order  f re -  
quency but more of ten  than not t h e  f l u t t e r  f re -  
quency w i l l  be  wel l  removed from an engine order  
response frequency and w i l l  be  independent of it. 
The e f f e c t  of increasing e i t h e r  i n l e t  temper- 
a t u r e  o r  i n l e t  pressure was found t o  be  destabi-  
l i z i n g .  I f  e i t h e r  one o r  both of these  were in- 
creased t h e  i n s t a b i l i t y  would occur a t  a lower 
corrected speed. This can be seen in Fig. 13 
which i s  a p l o t  of f l u t t e r  d a t a  po in t s  a s  a func- 
t i o n  of i n l e t  temperature versus mechanical speed 
and corrected speed. From t h i s  f i g u r e  we can s e e  
t h a t  increasing i n l e t  pressure is  des tab i l i z ing  a s  
i s  increasing i n l e t  temperature with respec t  t o  
corrected speed but not  with respect  t o  physical  
speed. Decreasing incidence was found t o  be de- 
s t a b i l i z i n g  a s  seen from t h e  two s e t s  of d a t a  
shown. With t h e  second s t a t o r  closed t h e  inc i -  
dence angle w i l l  be smaller than t h a t  with t h e  
f i r s t  s t a t o r  open. 
An ind ica t ion  of choke f l u t t e r  was obtained 
while acce le ra t ing  t h e  engine. As t h i s  is  done 
t h e  o v e r a l l  compressor pressure r a t i o  increases.  
However, it was observed from t h e  t h i r d  r o t o r  
aerodynamic s tage  d a t a  t h a t  t h e  s tage  pressure 
r a t i o  was decreasing a s  t h e  engine was accelerated 
ind ica t ing  s t a g e  choking. This was observed t o  
occur much sooner than any s t r a i n  gage a c t i v i t y .  
The e f f e c t  of i n l e t  temperature and i n l e t  
pressure on t h e  f l u t t e r  frequency is  shown in 
Fig. 14. Here we s e e  t h a t  t h e  f l u t t e r  frequency 
decreases a s  t h e  pressure increases o r  a s  t h e  
temperature decreases. This is ind ica t ive  of 2 
densi ty e f f e c t  on t h e  f l u t t e r  frequency. Assuming 
t h a t  choke f l u t t e r  is  an i n s t a b i l i t y  such a s  a 
re laxa t ion  l i m i t  cyc le  amenable t o  d e f i n i t i o n  by 
an equation d f  t h e  Van d e r  Po l  type it can then 
be assumed t h a t  t h e  negat ive work during a n  os- 
c i l l a t o r y , c y c l e  is  a funct ion of t h e  a i r  densi ty .  
Also i n  evidence in Fig. 14 is  an ind ica t ion  of 2 
change i n  aeromechanical mode of four  of t h e  f l u t -  
t e r  d a t a  po in t s .  For t h e s e  f o u r  po in t s  t h e  most 
responsive b lade  was d i f f e r e n t  from t h e  o t h e r  t e n  
d a t a  po in t s .  The phenomena of mode shape changes 
has a l s o  been observed i n  t h e  s t a l l  f l u t t e r  d a t a  
on one occasion but  a t  t h a t  t ime it  was a t t r i b u t e d  
t o  an u n i n t e n t i o n a l  b leed from a video view p o r t .  
No explanat ion has been found f o r  t h e  change i n  
t h e  t u r b o j e t  da ta .  
Turbojet  Program - S t a l l  F l u t t e r  
P r i o r  t o  t h e  t u r b o j e t  aeromechanical program 
an  aerodynamic program was conducted us ing  t h e  same 
model of engine. I n  t h i s  program t h e  s t a t o r s  were 
s t r ~ i n  gaged and monitored. During a p a r t  of t h i s  
progran- whi le  acqu i r ing  re sea rch  d a t a  a f o u r t h  
s t a t o r  vane i n s t a b i l i t y  was encountered unexpect- 
edly .  While taking d a t a  a t  105.5 pe rcen t  of cor- 
r e c t e d  design speed a t  i n l e t  condi t ions  o f  138 kPa 
(20 p s i a )  and -29' C (-20' F) ,  some a c t i o n  was ob- 
served on t h e  f o u r t h  s t a t o r s  t h a t  was due t o  e i t h e r  
b u f f e t i n g  o r  f low separa t ion .  At 106 percent  cor- 
r e c t e d  speed an i n s t a b i l i t y  developed i n  t h e  sec- 
ond bending mode. Since t h e r e  was no previous  doc- 
umentation on t h i s  i n s t a b i l i t y  i t s  i n v e s t i g a t i o n  
was included i n  t h e  aeromechanical program. Ten 
d a t a  po in t s  were obta ined,  a l l  above 104 percent  
co r rec ted  design speed and a t  i n l e t  cond i t ions  from 
138 kPa t o  200 kFa (20 t o  29 p s i a )  and -29' t o  2' C 
(-XI0 t o  35' F).  
Only two s t r a i n  gages were f u n c t i o n a l  f o r  a l l  
of t h e  d a t a  po in t s  obta ined,  thus  t h e  s t r a i n  gage 
d a t a  is  somewhat l imi ted .  For a l l  but  one d a t a  
po in t  t h e  f l u t t e r  frequency was t h e  same on both  
s t r a i n  gages a l though t h e  maximum amplitudes d id  
vary.  The f Lut te r  f r equenc ies  were nonengine 
o rde r  and v a r i e d  from 9.47 t o  9.91 engine o rde r s .  
The e f f e c t  of i n l e t  p ressu re  and temperatureson 
t h e  f i u t t e r  boundaries is  shown i n  Figs .  15  and 
16. As can b e  seen from these ,  inc reas ing  i n l e t  
p r e s s u r e  is ,  a s  usua l ,  d e s t a b i l i z i n g .  However, 
i nc reas ing  i n l e t  temperature  was found t o  b e  s t a b i -  
l i z i n g  which is  t h e  inve r se  of t h e  t r end  observed 
on t h e  r o t a t i n g  s t ages .  This t y p e  of t r e n d  i s  
i n d i c a t i v e  of a dens i ty  e f f e c t .  The e f f e c t  of 
i n l e t  p ressu re  and temperature  on t h e  f l u t t e r  f r e -  
quency i s  seein i n  Fig. 17. Here we s e e  t h e  usua l  
t r e n d  due t o  inc reas ing  i n l e t  p ressu re ,  a reduc t ion  
in t h e  f l u t t e r  frequency. Inc reas ing  i n l e t  tem-  
p e r a t u r e  tended t o  a l s o  reduce t h e  f l u t t e r  f r e -  
quency i n  much t h e  same way a s  observed i n  t h e  
f a n  s ta l l  f l u t t e r  da ta .  Analysis of t h e  s t a g e  
aerodynamic d a t a  d i d  n o t  i n d i c a t e  choking, thus  
t h e  i n s t a b i l i t y  i s  probably a form of s t a l l  f l u t -  
ter. S ince  t h i s  s t a t o r  has a nega t ive  incidence 
a n g l e  a t  t h e  t i p  t h e  phenomena observed was prob- 
a b l y  nega t ive  incidence s t a l l  f l u t t e r .  
Turbojet  Engine - S y s t a  Mode I n s t a b i l i t y  
One of t h e  p r i n c i p l e  p r i o r i t i e s  of t h e  turbo- 
jet aeromechanical program was t o  thoroughly 
document a second r o t o r  system mode i n s t a b i l i t y  
t h a t  was known t o  e x i s t  on t h e  engine model being 
t e s t e d .  Unfortunately,  t h e  p a r t i c u l a r  engine 
b u i l d  used was n o t  ve ry  s e n s i t i v e  t o  t h i s  i n s t a -  
b i l i t y  and only one low stress l e v e l  t r a n s i e n t  
d a t a  po in t  was obta ined.  However, some i n s i g h t  
in to  t h i s  type  of i n s t a b i l i t y  was obta ined.  
The system mode i n s t a b i l i t y  was f i r s t  ob- 
served during t h e  engine 's  development program and 
was resolved by c los ing  t h e  f i r s t  s t a t o r  t o  de- 
c r e a s e  t h e  incidence on t h e  second r o t o r .  This 
i n s t a b i l i t y  i s  of i n t e r e s t  because it is  n o t  com- 
monly seen and t h u s  n o t  w e l l  understood. It 
occurred i n  t h e  second system mode which involves  
a coupling of above shroud f i r s t  bending and f i r s t  
t o r s ion .  S t r e s s  l e v e l s  of t h e  o rde r  of +lo0 PPa 
(f14.5 k s i )  were observed i n  t h e  development pro- 
gram. The i n s t a b i l i t y  has two branches a s  seen 
i n  Fig .  18. I n  t h i s  program t h e  lower branch was 
n o t  found. The upper branch was found and a t  t h e  
t ime unknowingly transcended a t  96 percent  of 
phys ica l  des ign speed (82.7% cor rec ted  speed).  
It was a n t i c i p a t e d  t h a t  some r a t h e r  seve re  
s t r e s s  l e v e l s  would occur  once t h e  i n s t a b i l i t y  
boundary was penetrated. This d i d  no t  occur .  The 
i n s t a b i l i t y  was approached by doing a slow ac- 
c e l e r a t i o n  t o  100 percent  des ign speed wi th  nominal 
i n l e t  cond i t ions  of 200 kPa (29 p s i a )  and 121° C 
(250° F) .  Near 96 pe rcen t  phys ica l  speed a s l i g h t  
a c t i o n  on t h e  s t r a i n  gages was noted,  l e s s  than 
230 MPa (f4 .3  k s i )  . The excurs ion was slowed i n  
a n t i c i p a t i o n  of an  i n s t a b i l i t y .  However, t h e  
s t r a i n  gages quickly  subsided and nothing more was 
noted f o r  t h e  remainder of t h e  excurs ion.  The 
recorded s t r a i n  gage d a t a  was analyzed a f t e r  t h e  
t e s t  run and it became apparent  only  then  tkt t h e  
s l i g h t  s t r a i n  gage a c t i v i t y  noted had indeed been 
an i n s t a b i l i t y  t h a t  had been t r ansve r sed .  
Analysis of t h e  s t r a i n  gage d a t a  ind ica ted  2 
non in teg ra l  o r d e r  response over  a narrow speed 
range. The maximum s t r e s s  l e v e l  observed on any 
s t r a i n  gage was 224.8 MPa (23.6 k s i )  a t  1370 Hz. 
This frequency is  n o t  a fundamental b l ade  f r e -  
quency b u t  i s  a s soc ia ted  wi th  a second r o t o r  sys- 
tem mode. An expanded spectrum p l o t  of t h e  maxi- 
mum s t r a i n  gage s i g n a l  i s  shown in Fig.  19 ,  which 
shows t h a t  t h e  p r i n c i p a l  response of t h e  s t r a i n  
gage is  q u i t e  removed from a n  engine o r d e r  re- 
sponse. A p l o t  showing s t r e s s  l e v e l  ad f r e -  
quency ve r sus  phys ica l  engine speed i s  shown i n  
Fig. 20. P r i o r  t o  pene t ra t ing  t h e  i n s t a b i l i t y  
t h e r e  was only  a s l i g h t  non in teg ra l  o r d e r  re- 
sponse a t  1374 Hz. At 95.9 pe rcen t  phys ica l  speed 
t h e  s t r e s s  l e v e l  began t o  r i s e  and reached a maxi- 
mum a t  96 percent  phys ica l  speed a t  a frequency of 
1370 Hz. Shor t ly  t h e r e a f t e r ,  t h e  s t r e s s  l e v e l s  
began t o  dec rease  and t h e  frequency inc rease .  At 
97 percent  phys ica l  speed t h e  i n s t a b i l i t y  was 
c l ea red .  The dec rease  i n  frequency noted in t h i s  
d a t a  i s  probably due t o  inc reased  damping a s  t h e  
s t r e s s  amplitudes increased.  This i s  simply des- 
c r ibed  by t h e  equation: 
The damping c o e f f i c i e n t  5 is  s e n s i t i v e  t o  am- 
p l i t u d e  v a r i a t i o n s .  The two most a c t i v e  s t r a i n  
gages were analyzed t o  determine t h e i r  phase  re- 
l a t i o n s h i p s .  The phase a n g l e  between t h e  two a t  
t h e  t ime of maximum s t r e s s  was 3.07' which meant 
t h a t  they were n e a r l y  i n  phase. 
To induce t h e  i n s t a b i l i t y  it was necessary 
t o  open t h e  f i r s t  s t a t o r  t o  i n c r e a s e  t h e  incidence 
ang le  of t h e  second r o t o r  and t o  a l s o  c l o s e  t h e  
second s t a t o r  t o  i n c r e a s e  t h e  s t a g e  p ressu re  
r a t i o .  I n  a d d i t i o n  t h e  v a r i a b l e  geometry schedule  
was s h i f t e d  t o  t r a c k ,  wi th in  l i m i t s ,  on t h e  s t a l l  
s i d e  of t h e  schedule.  Thus, t h e  i n s t a b i l i t y  was 
induced much l i k e  a s t a l l  i n s t a b i l i t y .  It should 
be  noted t h a t  t h e r e  was no evidence of f low sepa- 
r a t i o n  i n  any of t h e  da ta .  
The t e s t  condi t ions  used t o  o b t a i n  t h i s  d a t a  
were t h e  extreme al lowable  maximum cond i t ions  thus  
it  was not  p o s s i b l e  t o  f u r t h e r  explore  t h i s  in- 
s t z b i l i t y  wi thout  exceeding e s t a b l i s h e d  s a f e  en- 
g i n e  p r a c t i c e s .  
Concluding Remarks 
As was seen from t h e  d a t a  presented s e v e r a l  
types of i n s t a b i l i t i e s  were inves t iga ted .  It was 
found t h a t  each type had a unique set of cha rac te r -  
i s t i c s  t h a t  d i s t ingu i shed  it from t h e  o the r s .  The 
types  of i n s t a b i l i t i e s  included two forms of sub- 
son ic  s t a l l  f l u t t e r ,  choke f l u t t e r  and a system 
mode i n s t a b i l i t y .  A comprehensive compilation of 
aerodynamic and aeromechanical d a t a  were obta ined 
re l evzn t  t o  each type  of i n s t a b i l i t y .  This d a t a  
has been and is ye t  being analyzed by both t h e  
NASA and t h e  va r ious  engine manufacturers involved 
i n  these  programs. 
The J o i n t  Engine System Research aeromech- 
a n i c a l  programs a r e  cont inuing wi th  a number of 
progrzms planned f o r  t h e  f u t u r e .  Addi t ional  d a t a  
w i l l  be  c o l l e c t e d  r e l a t i v e  t o  s e v e r a l  types  of 
a e r o e l a s t i c  i n s t a b i l i t i e s .  I n  add i t ion ,  t h e  scope 
of t h e  aeromechanical programs has  been expanded 
t o  acqu i re  s t r u c t u r a l  dynamic d a t a  r e l a t i v e  t o  a 
wide v a r i e t y  of i n l e t  d i s t o r t i o n  s t i m u l i .  
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F igu re  1. - Compressor per formance a n d  s tab i l i t y  map. 
Reproduced from 
Figure 4. - Turbojet engine installation. 
Figure 5. - Schematic of fan cross-section. 
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Figure 6. - Schematic of aerodynamic inst rumentat ion locations at each measuring station (viewed looking upstream). 
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Figure 7. - Expanded spectrum plot of fan stal l  f lu t ter  
a t  172 kPa (25 psia) and 171' C (3400 F). 
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Figure 8. - Expanded spectrum plot of fan stall f lu t ter  
at 172 kPa (25 psia) and 13.5' C ( 2 7 9  F). 
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Figure 13. - Cholte f lu t ter  boundaries as a funct ion of i n le t  
temperature and engine speed. 
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Figure 14. - Effect of i n le t  pressure and temper- 
a tu re  o n  t h i r d  rotor  cholte flutter. 
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Figure 16. - Four th stator instabi l i ty boundaries as a funct ion of 
i n l e t  pressure, i n le t  temperature, physical speed and  cor- 
rected speed. 
Figure 15. - Compressor performance map showing in le t  
pressure and  temperatu~re effects on  four th  stator i n -  
stabil ity boundaries. 
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Figure 18. - System mode instabi l i ty boundaries as a funct ion of 
i n le t  temperature and engine speed. 
Figure 17. - Effect of i n le t  temperature and pressure 
o n  four th  stator f lu t ter  frequency. 
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Figure 19. - Expanded spectrum plot of system mode instability. 
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Figure 20. - System mode instability stress and 
frequency as a function of engine speed. 
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